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Ir is proposed to show in the following paper that among the spectra 
formed by the Rowland concave gratings there are spectra not accounted 
for by the ordinary theory of the grating; that such spectra are common, 
and at times fairly strong and of excellent definition ; that these spectra 
are diffraction spectra, of much less dispersion than the ordinarily recog- 
nized spectra, and that the errors of ruling to which they are due are not 
local, but general to the whole surface of the grating. Finally, it is pro- 
posed to explain an experimental method by which these false lines can be 
sorted out from the regular and calculable overlapping spectra. These 
lines are especially dangerous in series spectra work, giving a some- 
what systematic reproduction of strong lines and groups, which reproduc- 
tions in actual vibration frequencies do not exist. There is probability 
and some evidence that such errors have been committed in the past, and 
it was in the presence of this danger that the false spectra were here 
discovered. 

In the year 1893, Schumann showed that the ultra-violet spectrum 
could be extended to the neighborhood of 1000. He used a spectroscope 
fitted with a fluorite prism and fluorite lenses. The apparatus was so 
constructed that it could be enclosed in a case from which the air could 
be exhausted. According to his investigation, it was chiefly the absorp- 
tion of the air for light of very short wave lengths that had prevented 
other investigators from extending the spectrum below wave length 
1800 ». Owing to the nature of a prism spectrum, it was difficult for 
Schumann to determine accurately the wave lengths of the lines which 
he discovered. Since his paper no attempt seems to have been made to 
measure these lines. It was in an effort to measure these wave lengths 
that the false spectra above referred to were first observed. 

It seemed probable that if a concave grating could be used to obtain 
these ultra-violet lines, an accurate determination of their wave length 
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would be possible. Accordingly, some two years ago, Mr. E. H. Colpitts 
and the writer undertook the investigation, The methods used and the 
results obtained were briefly as follows : — 

The concave diffraction grating, slit, and photographic plate were all 
enclosed in an air-tight cast-iron box. Light was admitted to the box 
through a fluorite window. The source of light was a powerful electric 
spark, obtained from a transformer run from the commercial circuit ; a 
capacity equivalent to four large Leyden jars was placed in parallel with 
the spark gap; magnesium was used for terminals. Following Schu- 
mann’s work, the air was exhausted from the box. The spark was 
placed close to the fluorite window in order that the column of air 
between the source and the plate should be as short as possible. Under 
these circumstances a photograph was obtained showing lines apparently 
down to wave length 924, a value lower than Schumann’s lowest esti- 
mated wave length. Terminals of aluminum, cadmium, cobalt, nickel, 
and copper were tried. All showed lines below 1500; some showed 
lines as far down as position 950 p. 

During these experiments, the air pressure in the apparatus did not 
always have the same value. Some plates were taken with the pressure 
as high as 1 cm.; others with it as low as .2cm. It was observed that 
this difference in pressure did not have any effect on the strength of the 
lines. 

Up to this time the first spectrum had been used; now it was desired 
to find these lines in the second spectrum. In spite of the greatest care, 
however, no trace of any line below 1900 y could be found in the second 
spectrum. 

The absence of the lines in the second spectrum, together with their 
behavior under small differences of air pressure, raised the suspicion that 
either the lines were not due to light of a very small wave length, or that 
light of very short wave length was not absorbed by the air to the extent 
indicated by Schumann. To test this idea the spark was first removed 
to a metre’s distance from the fluorite window. This air column did not 
reduce the intensity of these new lines. Next, air was admitted to the 
box, and still the lines were unchanged in intensity, even through a col- 
umn of air, now five metres long. Evidently the lines were not absorbed 
by air. 

Lest the special brand of plate employed was particularly sensitive to 
the extreme ultra-violet, a number of different plates were tried. In each 
case a good photograph was obtained, showing practically all the lines. 

A piece of window-glass was placed between the slit and spark, and no 
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trace of the lines could then be found. Since the light causing these 
lines is absorbed by glass, and is not absorbed by air, it would seem to 
have a wave length between 3500 » and 2000 yu, according to the accepted 
absorbing power of these two media. 

It was now observed that the groups at 2790, 1873, and 9244 
were, even to casual inspection, strikingly characteristic and identical in 
general appearance. Further, on measuring their dispersions, they were 
found to be proportional to the displacements of the grovps from the 
slit. Therefore, these groups formed either a remarkable series repro- 
duction or a heretofore unobserved diffraction phenomenon. Thus the 
issue was definitely raised whether these lines were real first spectrum 
lines, produced by light of wave lengths 924 u, 1873 u, and 2790 p, and 
arranged in al, 2, 3 series, or whether they were all produced by light 
of one wave length and owed their position to some diffraction phenom- 
enon connected with the grating. 

To distinguish between these alternatives, recourse was had to the 
relative refrangibility of these lines through quartz. ‘To-this end a 
small angle quartz prism was placed between slit and grating and a 
short distance from the slit. The effect of this prism was to produce 
virtual images of the slit whose displacements were nearly proportional 
to the refrangibility of the light. This device resulted in the displace- 
ment of each line in the grating spectra by an amount proportional to 
the refrangibility of the light producing that line. 

If the lines at 1873 1 and 924 were caused by light of the same 
wave length, they would suffer equal displacements. If they were 
caused by light of different wave lengths, they would be displaced by 
different amounts. 

The experiment was tried, and it was found that the groups at 2790-n, 
1873 p, and 924, all suffered about equal displacements. From 2790 » 
down to the region of 1873, the displacement of the groups increased 
as the wave length decreased. There was then a discontinuity in the 
rate of increase of the displacement before 1873 » and a second discon- 
tinuity between 1873 » and 924 p. 

The most obvious conclusion from these data is that the lines at 1873 wu 
and 924, are not due to light of wave lengths corresponding to the 
positions of the lines in the spectrum. They seem to be caused by 
light having a wave length near 2800; they seem to be reproductions 
of some part of the true spectrum, — curious phantom lines due to some 
property or imperfection of the grating. An examination of the lines 
below 19004 taken with aluminum terminals fully carried out this 
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theory. Before leaving this first grating, which we will call No. 1, it 
is important to note that although the groups in magnesium at 2790 y, 
1873 », and 924, closely resemble each other, their wave lengths are 
not exactly in the 1:2: 3 ratio; 2 X 924 = 1848, which differs from 
1873 by 25. 

It was proved that these phantom lines were not due to any local 
variation in ruling by shielding all but a narrow strip of grating surface, 
and then moving the screen so as to expose each strip in turn. In this 
way a series of photographs were obtained, each from a different strip 
of grating surface. They all showed the phantom lines with about 
equal intensity. 

In addition to the grating with which the investigation was begun, 
three others were examined. ‘Two of these were of larger radius, — 
21 ft.; the other was similar in type to the first instrument. Of the 
two large gratings, one showed the phantom lines distinctly. The 
two strong groups formerly at 1873 and 924, were now found at 
positions corresponding to 1728 and 10794. The other large grat- 
ing did not show the lines at all. The last small grating showed 
the reproduction of group 2790 u at positions of about 1870 » and 924 p. 
In addition, however, there were also numerous less distinct repro- 
ductions scattered between these two positions. 

We may now sum up the facts arrived at in these few pages. Of 
four concave diffraction gratings examined in this investigation, three 
showed the phenomenon of phantom lines. These lines vary in 
position with the grating by which they are produced, but the vari- 
ation cannot be connected either with the variation of radius of curva- 
ture of the grating or with the number of lines to the inch. The most 
prominent of these phantom lines closely resemble some group in the 
true spectrum. This repetition of a true group occurs most strongly 
twice. The width of these phantom repetitions is proportional to their 
apparent wave length. The wave lengths of the true group and its 
phantom repetitions bear no simple relation to one another. The 
photographs obtained with gratings 1 and 4 show a very large number 
of faint repetitions of a group or set of groups. These repetitions form 
a sort of background to the main spectrum between 1800» and 900 p. 

It may be safely said that a strong line in the spectrum is repeated a 
great number of times, and that these phantoms are distributed appar- 
ently at random. We have no reason to believe that this repetition is 
confined to a certain proportion of the ultra-violet spectrum. Every line 
in the spectrum is probably reproduced. These reproductions are con- 
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cealed by the strong real lines of the spectrum in places where strong 
lines occur. They are chiefly noticeable in the extreme ultra-violet, 
where there are no real lines. In parts of the spectrum where gaps 
occur, however, these phantoms may be visible and may there be mis- 
taken for real lines. Such, in brief, are the results arrived at. A 
more detailed account of the apparatus and of the numerical results of 
the investigation will now be given. The consideration of the causes 
which produce these phantom lines is left for the end of the paper. 


——}——. 


1. 


The first grating investigated was one of 180 cm. radius. The plate 
was prepared by Brashear and ruled by Rowland’s engine in the year 
1897; it had 14,438 lines to the inch. To economize space a mounting 
somewhat different from that of Rowland was used. The grating and slit 
were fixed in position at a distance apart equal to the radius of cur- 
vature of the grating. The plate-holder was carried by an arm pivoted 
at a point on the line connecting slit and grating and midway between 
the two. The length of the arm was, of course, half the radius of 
the grating. The plane of the grating was so adjusted that the prin- 
cipal image fell about 1 cm. to the right of the slit. This was done to 
avoid reflection from the polished jaws of the slit. The plate-holder was 
constructed to take a plate five inches long and one inch broad. The 
form of the box in which the apparatus was enclosed is not material to 
this investigation. The spark which served as a source of light was 
placed within 3 mm. of the fluorite window. In the first experi- 
ments the width of the slit was about .1 mm., and the time of exposure 
was about one hour. Later, however, good photographs were obtained 
with exposures of from twelve to fifteen minutes. In making tests for 
the absorption of the air a quartz lens was placed between the source 
and the slit. 

In developing photographs of this type, great contrast is the chief 
object. The kind of developer used thus becomes important. After 
several trials, an Ortol-Soda developer was found to give the best results. 

The apparent wave lengths of the different lines which come under 
consideration were determined by comparison with the normal sun spec- 
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trum. A dividing engine with a 4 mm. screw was used. This screw, 
when used to measure lines on a six-foot grating possesses for a run of 
20 cm. an accuracy better than one one-hundredth of an Angstrom unit. 
The plate was observed by means of a stationary microscope fitted with 
a four-inch objective and micrometer eye-piece. The value of one cen- 
timeter of plate length in terms of Angstrém units was determined by 
measurements taken between two given sun lines, located by Rowland’s 
map. In order to get a photograph of the sun spectrum and the mag- 
nesium spectrum on the same plate, a shutter was placed before the slit 
and so adjusted that the upper or lower half could be exposed at plea- 
sure. By this means two narrow spectra were obtained, one above the 
other. The method is preferable, when working with the first spectrum, 
to the usual mode of protecting the plate itself by a swinging screen. 

When it became necessary to test the nature of the light 
T producing the lines at 1873 » and 924, in the magnesium 
spectrum, the following arrangement was adopted: The 
quartz prism of an angle of five degrees was placed some 30 
cm. distant from the slit, but not on the straight line joining 
slit and grating. Thus when the source was in position A, 
the light did not fall upon the prism; but when it was in 
position B, the light passed through the prism. In the first 
case, the upper half of the slit was closed by the shutter ; 
in the second, the lower half was closed. The result was, 
of course, to produce two spectra, one above the other; the 
one due to light which had passed through the prism was 
thus shifted toward the red. The general appearance may 
be seen from Plate No, I. 

It now becomes necessary to consider more in detail the 
behavior of the light of these ultra-violet spectra when 
passed through the quartz prism. The results for magne- 
sium may be seen from the following table. The lettering 
of the groups on the plans of the spectra is, of course, 
arbitrary. The chief or real groups are marked with an 
unsubscripted letter. The reproductions are marked with 
letters bearing a subscript. The plates are from drawings 
made from the original photographs. Beginning with mag- 
nesium Plate II., six principal groups of lines are to be 
Ficure 2. noted; they extend from the pair of lines marked A,,— 

wave length 1966y,—to the strong group C,,— wave 
length 924. Besides these strong lines, there are six fainter groups 
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distinctly visible, Ag, b;, C., As, b, and C;. A, resembles group 
A,, C. group C,; Cy resembles group C,, A; group Ay. It is to be 
noted that while A, and C, lie on the right or ultra-violet side of A, 
and C,, C, and A, lie on the left or red side of C, and Ay. In addition 
to the simple groups of lines already mentioned, the whole spectrum, 
from one end to the other between A, and Cy, is filled with a number 
of fine, faint lines. These lines are not regularly arranged so as to pro- 
duce fluting, but rather present the appearance of a reproduction of 


groups of lines. 


MAGNESIUM. ALUMINUM. 


Apparent 
Group. wave length. Displacement.. 


Apparent 


Group. | wave length. Displacement. 


2790 uw 42.2 mm. 


2713 | 43.4mm. 


2682 43.9 mm. I 2376» 888mm. 
Ay 1966 42.1 mm. 
1924 
1914 
C, 1873 42.2 mm. 
1834 u 
1475 
E, 1266 u 40.2 mm. 
969 p 
964 
944 
924 


422 mm. 


If we examine the displacements produced in these groups when the 
light is allowed to pass through the quartz prism before falling upon the 
grating, the following facts become evident: A steady increase in dis- 
placement is observed in the successive lines going from the strong group 
at 2790 (C) towards the ultra-violet until we get in the neighborhood of 
group A,. At this point the amount of displacement suddenly returns 
to about the value it had at 2790. Between groups A, and D, the dis- 
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placement suffers a second discontinuity. Thus A, gives 42.1 mm., D, 
39.8mm. ‘The displacement of C, is almost exactly that of C,, and 
very nearly that of group C,—2790y. The figures are 42.25 mm., 
42.25 mm., 42.21 mm. As stated before, the most obvious conclusion 
from these data is that the lines A, to C, are not due to light of wave 
lengths corresponding to the positions of the lines in the spectrum. They 
seem to be reproductions of some part of the true spectrum. 

On the aluminum plate there are present six strong lines, — B,, C,, D,, 
E,, B;, C3, — with wave lengths from 2075 » to 933 4. There are faint 
reproductions of these groups similar in arrangement to those observed 
with magnesium. There is a background of fine, indistinct lines. On 
allowing the groups to be displaced by the prism, we find group D, less 
displaced than group C,, and group B, less displaced than a real group 
called I. 

We may now consider the false nature of the lines as established. 
It remains to investigate the causes which produce this diffraction 
phenomenon. 

It is perfectly evident that the phantoms are not due to a local varia- 
tion in the rate of ruling, such as produce ghosts; for we have seen that 
the fault is not local in the grating surface. Moreover, we know that a 
ghost always occurs close to the line of which it is a reproduction. 

The phantoms are not due to a false source of light, since the dispersion 
of the various reproductions is not the same as that of the real group. 
We may discard the hypothesis that the mounting of the grating or the 
position of the source of light has any effect. The lines occur with 
various forms of mounting and with various positions of lens and source, 
as will be seen later. We have to deal with a diffraction phenomenon, 
with an inherent property of the diffraction grating itself. 

It seems probable that in developing the theory of the grating some 
assumptions have been made which are not according to fact. It is in 
the error of such assumptions that we find the solution of our problem. 

It is generally assumed in treating the grating that the lines of the 
ruling are of equal width and are separated by equal spaces. In the very 
nature of things, it is evident that this cannot be the case in view of 
the very minute distances involved and the almost inconceivable rigidity 
which would be necessary. These variations, slight in absolute amount, 
may be a considerable fraction of the distance from line to line. It is 
clear, moreover, on experimental as well as on theoretical ground, that 
these variations are not local, but extend over the whole surface of the 


grating. 
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It appears, then, that the departure from equal spacing assumed in the 
theory of the concave grating is not the random departure which is next 
in theoretical simplicity, but a more or less systematic departure which 
has emphasized disproportionately certain of the subordinate maxima 
called for in the conventional theory. If the position of the false maxima 
occurred in the ratio 1:2: 3, or in any other simple ratio, the phenomena 
would invite an analytic discussion. As an experimental fact, however, 
our lines are not harmoniously placed with respect to the slit, nor are 
they arranged according to any discoverable system. Moreover, they are 
different in character and position when obtained by different gratings 
ruled by the same engine. It seems most likely that the phantom lines 
are due to a number of superposed first spectra of varying dispersions ; 
and that these false spectra owe their existence in some manner to the 
variation in width and separation of the grating lines. Under these con- 
ditions, an analytic discussion seems less profitable than the presentation 
of the experimental data. 4 

In order to substantiate the statements just made, it becomes the 
next object of the investigation to observe carefully the relative posi- 
tions of the phantom lines, not ouly in one, but in several different 
gratings. 

We must observe, in looking over the tables already given, that al- 
though several groups bear a strong resemblance to each other, and though 
the apparent wave lengths of these groups are nearly in one, two, three 
ratio, this ratio is never exact. 

In aluminum, the line C,; seems to resemble the line C,, but 
2 x 933 = 1866, not 1890. The group B, resembles B,, but 2B; = 
2046, not 2075. There certainly is no exact 1, 2, 3 relation, although 
lines corresponding roughly to 3C; and 3B, in wave length may be found 
for aluminum. The difference between 2046 and 2075 = 29 Angstrém 
units cannot possibly be due to the error of observation. It is perfectly 
safe to say that the measurements of wave lengths in the table are correct 
to 1 Angstrém unit. 

Before examining another grating, there are one or two more points 
which need attention. A concave grating produces two spectra of the 
first order, which in this form of mounting lie on each side of the slit. 
The spectrum on the left had been investigated; it was now necessary 
to observe the spectrum on the right of the slit. The grating was there- 
fore turned upside down, by which process the spectrum formerly on the 
right of the slit now fell upon the left. Photographs taken showed the 
lines A, C;, Ay, Cy, etc., in magnesium as clearly as before. The grat- 
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ing was next turned about a vertical axis until the direct image of the 
" slit fell upon the plate. No lines below group C, were revealed by this 
process, nor was the position of the lines greatly changed. It must be 
noted, however, that the turning of the grating will somewhat distort the 
spectra and change the value of tocm. tow. 

The second grating to be investigated was of 21 ft. radius, 14,438 
lines to the inch. It was arranged on Rowland’s mounting. The in- 
tensity of the spectra given by this grating was very inferior to that 
obtained with the 6 ft. instrument. The first spectrum was selected to 
work with, the magnesium spark was used as a source. It was found 
necessary to give an exposure of an hour, and to use a slit .2mm. in 
width. A good deal of care was taken to have the exposure of the 
proper length ; if too short, the lines themselves would not appear ; if too 
long, the limes would be obscured by fog. With this 21 ft. grating, a 
very little fog would quite shield any very faint line. After some trouble, 
the characteristic reproductions of group 2790 were found. They now 
occurred, however, at positions corresponding to wave lengths of 
1728», 1079. The widths of the groups were 4.8mm., 2.8 mm., 
1.8mm. Thus, though these phantom lines have different apparent wave 
lengths when measured on different gratings, their dispersion seemed 
proportional to their wave length. It must be noted that with grating 
No. 2 only the lines called A,, C,, and A,, Cy, are visible, the other 
fainter lines, as well as the fluted effect in the background, being totally 
absent. This is well accounted for by the feebleness of the spectrum 
obtained from grating No. 2. The apparent wave length of these groups 
was obtained by the same method as that previously employed. Owing 
to the great distance between the head group (2790) C and its reproduc- 
tions, a cathetometer was used. The results are correct, however, to 
better than 2 Angstrém units. The widths of the groups were measured 
on the dividing engine and are correct to within .03 mm. The value of 
1 cm. of plate length was obtained from measurements between two sun 
lines. 

I feel certain that groups 2790», C, and C, as obtained with grating 
No. 2 are not in 1:2: 3 ratio. 

The next grating investigated was one of 21,000 lines to the inch and 
21 ft. radius. Here the illumination was even more feeble than with 
grating No. 2. Great trouble was experienced from fog. The lines in 
magnesium, C, and C,, could not be found. The last grating examined 
was similar to No.1. It had a radius of 183 cm., 14,438 lines to the 
inch ; it was prepared by Brashear; it was ruled by Rowland’s engine at 
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Johns Hopkins in the year 1894. The mounting was the same as that 
of grating No. 1. 

The character of the photographs obtained with grating No. 4 was 
quite different from those obtained with grating No.1. Lines Ay, C,, 
and A,, C, were present, and with about the same apparent wave length 
as before. They were, however, very much less distinct than when ob- 
tained with grating No. 1. The fluting effect was not very sharp; but, 
on the other hand, the space between positions 1878» and 924 was 
filled with reproductions of groups A, and Q,, of such clearness as to be 
quite unmistakable. The wave lengths of some of these phantom lines 
was determined in the same manner as before. Groups corresponding in 
appearance to the family marked Aj, Ag, Ag, etc., were found at 1970 yp, 
1020 p, 993 u, and 970 u. The groups called C,, C2, etc., were found at 
1878 uw and 924, very clearly, and at more than eight other positions 
in a less distinct form between 1878 and 924. In fact, the spectrum in 
this region is so filled with groups of the A, C, type that the lines of one 
family overlap lines of the other in many cases. 

Such, then, are the experimental data connected with this phenomenon. 
Before coming to a statement of conclusions, however, the following facts 
are of interest : — 

Some of the reproductions belonging to the set of lines A, and E, in 
aluminum occur under the real spectrum, and may be observed if proper 
care is used. 

Gratings of large radius do not show the false lines with as much clear- 
ness as gratings of small radius. So feeble, indeed, are the false lines 
obtained with the 21 ft. grating, that it is improbable that they would 
be noticeable in ordinary spectrum work. With a six-foot grating, 
however, the false lines are so strong that they might easily cause errors 
in series spectrum investigations. We have seen, moreover, that the 
false lines from grating No. 1 are much stronger than those from grating 
No. 4, and we have reason to suspect that gratings exist which pro- 
duce false lines even stronger in character than those obtained with 
grating No. 1. Gratings 1 and 4 differ little in radius, and have exactly 
the same number of lines to the inch, yet their false spectra are entirely 
different in character. We cannot apparently predict the nature of the 
false spectra of one grating from the false spectra produced by another 
of the same ruling and radius. 

The conclusions arrived at in this paper may be stated as follows : — 

1. The first spectrum produced from the Rowland concave grating 
is not pure, but is complicated not only by underlying spectra of ' 


v 


252 PROCEEDINGS OF THE AMERICAN ACADEMY. 


higher order, but by the presence of a number of spectra of lower 
dispersion. 

2. The number and dispersion of these false spectra obey no simple 
law, but present the appearance of a reproduction of some real group or 
groups distributed at random. 

3. The number, dispersion, and clearness of these spectra differ with 
different gratings. 

4. The lines due to the false spectra are most clearly visible in the 
extreme ultra-violet, owing tu the absence of strong real lines, and are 
so pronounced as to screen any feeble real line that may occur in this 


region. 


Jerrerson Laporatory, Harvarp UNIVERSITY, 
CaMBRIDGE, Mass., October, 1900. 
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Displaced Spectrum 


A 2%0 Normal Spectrum 


MAGNESIUM 


PLATE Il. 


MAGNESIUM 


PLATE lil. 


MAGNESIUM 


PLATE |. 
A $2790 
| 
As 
1873 924 
A, Displaced Spectrum : 
Normal Spectrum 


